We have completed the assembly of a high powered, Q-switched Ruby laser-dye laser photolysis system in order to make measurements of the solvation times and excited state lifetimes of solvated electrons in alcohols, employing laser saturation spectroscopy.
Preliminary results are reported from laser saturation studies at 694 nm of solvated electrons in ethanol and 2-propanol. The solvated electrons (es) were generated via the two-photon ionization of sdlected arenes (such as pyrene) in alcohol at 347 nm. The results are interpreted in terms of a two level saturable absorber and upper limits on the excited state lifetimes of e S are calculated.
Solvation times of e in-long chain alcohols, measured independently in picosecond pulse radiolysis, showed that -the time taken for the electron population to reach a fully relaxed, solvated ground state increased as the length of the.alcohol chain increased, each es spectrum exhibiting a significant blue shift. during the initial -10 10 s.
The implications of the excited state lifetime data, solvation measurements, and trends in the relative Ge values at times << 10-s, will be discussed in the context of electron models. Qualitative conclusions may be drawn on the nature of the electron trapping site and the solvation process in long chain alcohols.
Introduction
In this research project we set out to investigate the electronic and molecular structure of solvated electrons (e ) with particular reference to excess electrons stabilized in This final report is divided into four parts, three of which deal with the various stages of experimental progress and new data, including an evaluation of these optical saturation techniques and the implications for future studies ' in this area, while the fourth and final part presents relevant details on the scientific personnel involved.
The diacovery:of the hydrated electron in 1962 opened a decade of tremendous theoretical and experimental interest in these new chemical species that gained momentum as excess electrons were found to be stable in a wide range of protic and aprotic solvents. The optical absorption spectra of solvated or .trapped electrons share remarkably similar features, and yet the nature of the electronic transitions, the origin· of the line broadening and the spectral line shape are issues still to be resolved (1, 2, 3) .Recently we presented evidence (4) for the predominance of short-range, charge-dipole interactions in determining.the binding and transition energies of electrons solvated in a series of alcohols and their isomers. This again focused attention on the topographical features of the molecular i solvation site, and so it was in this context that I proposed to examine the electronic and molecular structure of electrons localised in alcohols, for which the spectral data were readily available. Optical saturation techniques, employing pulsed lasers, were chosen as a unique way in which to follow 1 both the rapid solvation of the excess electron, and its' ultrafast; radiationless transitions to the ground solvated state following photoexcitation. Complimentary picosecond pulse radiolysis experiments were conducted to follow the solvation process independently, and to measure the initial solvated electron yields as a function of the "local" dielectric relaxation properties of these liquids. background that we now turn to the details of the project, and to the experimental results that have been achieved so far.
-6-
(1) Design and Construction of Laser Systems
The design and construction of this laser saturation spectroscopy apparatus built upon the basic KORAD Kl Qswitched Ruby oscillator. For optical saturation studies, in which relaxation times rather than spectral linewidths are the principal measurements, the four main technical objectives are (1) laser stability, (2) high laser pulse power,. ( 3) high detection sensitivity (signal-to-noise ratio), and (4) a fast time response for the total optoelectronic detection system. I shall cover briefly our experience in reaching each of these objectives. The final layout of the apparatus is shown in Figure 1 .
In a well-aligned laser, with a good quality rod, the two main sources of instability arise from fluctuations in the ambient temperature and in the pumping power. The stability or pulse-to-pulse reproducibility of our laser was improved by maintaining the water cooled ruby rod at constant temperature by means of a small heat exchanger, and filtering the water. Charging capacitors, on reaching maximum operating charge usually leak charge (,100 V) in a matter of seconds. Since the energy going to the pumping flash lamps is proportional to 1/2 CV2, a drop to 3.85 KV from the operating voltage 4.00 KV leads to 47% drop in energy, which results in turn in a further.non-linear decrease in the power .output from 'the pumping lamp. Thus careful attention to the timing of the charging and firing sequences led to a noticeable improvement in the. reproducibility of consecutive pulses, and less drift over extended periods of time. The 15% pulse reproducibility quoted here refers to the saturation pulse at the. end of the delay line. The incident laser pulse was stable to within 5%. We also introduced a sapphire mirror in a micrometer precision mount as the front reflector to increase the alignment sensitivity.
All optical components were similarly mounted. and this can only be achieved with a pulse from a single-mode, high intensity, diffraction-limited laser beam.
A dye laser was constructed, the design for which is shown in Figure 1 , to permit us to monitor photobleachi ng effects throughout the visible and near infra-r€d region, and to probe the possible spectral inhomogeneity of the absorptioh band through intracavity techniques. The dye can be pumped longitudinally or transversely in this dye cell design, and either Brewster-angled or normal optics ban be employed. A small telescope was inserted into the resonant cavity in front of the A/20 aluminized rear reflector (or holographic grating), and ensured that the power deAdity was well below damage threshold for those optical surfaces. In this way we also attained narrower linewidths, .an important requirement for the laser saturation intracavity experiments. The front reflector was a sapphire (X/10) window.. A flow system was employed to recirculate the dyes. peak powers (untuned) were from 0.1 tc
A simple calculation shows that the photon flux in both the fundamental ruby beam and in the output from the dye laser is more than adequate for saturation experiments, for which the photon density must be greater than, or equal to,,the density of saturable absorbers. A 15 nanosecond (fwhm) ruby laser pulse pulse and means that we can reach a number density of absorbing 18 -3 species up to -10 cm before any uncertainty arises about of absorbing species along a 1 cm pathlength cell, and thus we will have an approximate ratio photon/es of 1000:1, which ensures each absorber will be photoexcited many times during the pulse. However, this is an idealized and maximum value, since it does not take into account reflection and transmission losses along the optical delay lines. The flux at the sample position The detection system comprised an ITT (S20) biplanar photodiode biased at 1 KV and coupled through 500 to a.
Tektronix 475 ·(>200 MHz) oscilloscope.
The limiting response time of.52 nancseconds was governed by the oscilloscope which was triggered externally by scattered light picked up by a HP 4207 photodiode close to the front reflector. A second HP 4207 photodiode measured the attenuated laser output from the rear reflector of the laser cavity and fed this information (2)) were finally understood. 10 cm , and thus the photon/es ratio was approximately 102.
(a)
Initial Observations
Under a low photon flux the linear absorbance of the solution was 0.6 at the ruby wavelength. Under a saturating photon flux the absorbance increased to 0.8. This effect was entirely reproducible in the experimental design shown in Fig. 1 , and implies that under saturating conditions more ground state species are available to absorb -in contrast to the anticipated depletion of the ground state and hence decreased absorbance of the sample. These observations puzzled us for some time and could not be assigned to any optical misalignment or detection artifact. However the origin Of the effect became clear. when it was noted that, in the presence of a saturable absorber in the sample cell, the saturation lasar pulse was ·already significantly diminished before it was transmitted along the optical delay line. i The explanation of our observations is as follows, and is an important point for the design of future saturation The leading edge of the 347 nm pulse induces twophoton photoionization events in the pyrene from which e are S created rapidly in the solvent. Solvation of a "free" electron -11 -10 occurs on the time scale 10 to 10 s for the solvents in -12 - question. Those es generated during the early part of the "photoionization" pulse now undergo photoexcitation and conceivably saturation during the remainder of the 694 nm pulse to which they are being simultaneously exposed. Hence the fundamental pulse emerging from the sample (and entering the optical delay line) will be markedly reduced in amplitude due to absorption by es created by the 347 nm pulse.
Since there is a sharp time-dependent concentration of e-due to the sensitive dependence of the two-photon cross It is not necessarily the case that the criteria for saturation and the photostationary state approximation are valid throughout the pulse duration. Of course some 347 nm light will also be reabsorbed by long-lived es.
The 694 nm pulse emerging from the sample is thus a convolution of several time-dependent processes, electron solvatiob, photoexcitation, saturation and relaxation back to the ground electronic state, at that wavelength.
(b) Optical Saturation Results
Presumably attempts could be made to deconvolute the above pulse shape by developing a set of coupled differential equations, each describing the relevant .process and varying parameters to fit the experimental pulse shape. However, since the rate of relaxation is the unknown parameter we are attempting to measure in these experiments, but is not the only unknown in this "reabsorption" phenomen6n, it seemed more constructive to redesign the saturation experiments. CThis effect could be exploited perhaps in alternative experiments.)
A quartz flat, transmitting at 347 nm but coated for maximum reflectance at 694.3 nm (for a· 450 incident wave, s polarization), was inserted at a 45' angle between the KDP crystal and the sample.
The fundamental beam bypassed the sample and was then redirected along the optical delay line as usual, while the 347 nm pulse travelled along its normal path. Distilled-in-glass The reproducibility of the saturating pulse imposed this limit within which more accurate measurements were not possible. In the case of ethanol and 2-propanol, we also fAiled to detect photobleaching, where the sensitivity of the measurement was again restricted by a i5% variation in the saturating laser pulse. Furthermore, ih using this equation, it is assumed that the laser-illuAinated volume has cylindrical geometry due to the relatively insignificant divergence of the laser beam through a 1 cm optical path (x). The preliminary work in this area is summarized in the enclosed paper, presented to the Sth International Congress of Radiation Research, 1974. The equipment has been recently described (14) .
The latest data and results on (3 to ClO alcohols are represented in Figures 3, 4 and Table 1 . A summary of the most notable points is as follows, and should be read with reference to the figures.
All absorptiors have been normalised
to the signal in ethanol as a control, since the formation time there is i10 ps (11).
(a) The solvation process appears to occur in two steps; a fast step that, within our experimental resolution of %45 ps (14), appears to be common to all the alcohols, and a slower step that varies from solvent to solvent. This discontinuity in the growth kinetics appears real.
(b) The longer the alcohol chain, the longer the average j time taken for the electron population to reach a fully relaxed, solvated ground state, at a given wavelength. The lag in the absorption signals for es in a higher alcohol versus ethanol is seen in Figures 3 and 4. (C)
For a given alcohol this relaxation period is longer at shorter -("blue") wavelengths.
In other words,significant -9 blue shifts are exhibited over long times, up to 10 s in
There is significant decay at early times, particularly in the "red" portion of the spectrum, but insufficient data are available to correlate the kinetics in the-"red" and "blue" regions, or · to locate isobestic points in the timedependent spectra. In the alcohols the electron finds preformed traps. These traps are hydrogen bonded clusters, polymers that exist in varying thermodynamic equilibria in all the alcohols. If this is the case then the number of electrons initially trapped will depehd only on the availability of these trapping sites, not on various bulk liquid dielectric properties.
Now one envisages the time taken to reach a fully solvated, relaxed ground state as the sum of two components.
(1) capture by the alcohol cluster, a radiationless transition to the unrelaxed but localised electronic state in which the electron is energetically stable, and (2) relaxation of the local· solvent structure in the field of the excess electron, or "digging-in", to give a fully relaxed, gtound electronic state.
In a polar liquid both long range rotational and short range (rotational and radial) configurational changes ·may be involved.
The first process is essentially an electronic transition, conceivably electron attichment via monomer or dipole rotation, which is so fast that it can be separated out from the second process, rotational relaxation of the solvent. The second time must be associated with the dynamics of the H-bond6 in the solvent, the microviscosity, since the slowest dielectric relaxation time must be the rate-determining step, although of course in the -19 -presence of the contiguous electron molecular rotations will be accelerated somewhat (6 1-Octanol, 1-Decanol. 47.·5 ps per horizontal division; the. reference and sample curves are normalized. Data for 514 nm. 47.5 ps per horizontal division; the reference and sample curves are normalized. Top set of curves apply to 514 nm, lower set to data taken at 740 nm. ,2 is the slowest relaxation time in alcohols corresponding to the breakup of the H-bonded clusters and subsequent rotation of the monomers to form another aggregate. 
